The red-tailed phascogale (Phascogale calura) is an endangered dasyurid from southwestern Western Australia that has been bred in captivity since 2001. It is an annual breeder that has a restricted breeding period, and males only participate in a single breeding season. We examined the reproductive biology of female red-tailed phascogales, assessing methods for detection of estrus, variation in the timing of breeding in captivity across facilities and years, and reproductive success. Body mass and pouch changes were useful indicators of estrus, whereas assays for fecal estradiol and progesterone did not allow for accurate prediction of ovulation. Females mated with multiple males and matings occurred over a period of at least 5 days, with females storing sperm in the lumen and crypts of the oviduct. Births tended to occur in July at Alice Spring Desert Park, with births at Adelaide Zoo occurring from early June to late August. The predictable births at Alice Springs are similar to those observed with Antechinus, but with flexibility remaining in the reproductive strategy of the species as observed at Adelaide. Of the 146 breeding females at Alice Springs, 127 females produced 846 pouch young, of which 68% were weaned. A female bias was observed in weaned young. Information gained from this study has been incorporated into the captive-breeding program for this species.
For species that have a restricted breeding season, the ability to synchronize reproduction is important. Animals that attempt to breed earlier or later than most of the population have fewer potential partners available, and if they are too unsynchronized, they may miss the opportunity to breed in that season. For species with a low likelihood of breeding in multiple seasons, the need to synchronize breeding has even greater implications for reproductive success. Three types of proximate factors have been proposed to play a role in synchronizing breeding: social cues, internal cues, such as biological clocks, and environmental cues such as photoperiod, temperature, and food availability (Ims 1990 ).
Factors such as being monestrus, breeding in a restricted period of the year, and males exhibiting postmating mortality, make the ability to synchronize reproduction especially important, because a failure to synchronize in a single season can lead to the collapse of the population. One group of carnivorous marsupials, which includes Antechinus, Phascogale, and Dasykaluta (strategy 1- Lee et al. 1982) , demonstrates these characteristics, which makes them interesting subjects for studies of reproductive investment.
Within Antechinus, breeding is highly synchronized and populations have a highly predictable 1-to 3-week breeding period that occurs at the same time each year. Variation in the timing of breeding has been observed in relation to latitude, elevation, and the presence of other species of Antechinus . In the Antechinus stuartii-A. flavipes complex, the tightly constrained breeding season appears to be synchronized by the rate of change of photoperiod ). In addition to using environmental cues to synchronize reproduction, female dasyurids can fine-tune the timing of births through sperm storage (Selwood and McCallum 1987) and embryonic diapause (Selwood 1981) . These mechanisms make estimating gestation difficult, because the time between mating and birth can be significantly longer than the time between ovulation and birth.
Compared to Antechinus, Phascogale tapoatafa has a longer breeding period and shows greater variability in the timing of births between years (Rhind and Bradley 2002; Soderquist 1993) . Little is known about the synchrony of breeding of P. calura and Dasykaluta rosamondae. Because this life history is thought to have several origins (Krajewski et al. 2000) , the cues used by Phascogale may be different from those used by Antechinus because of the evolutionary distance between genera (Baverstock et al. 1982) .
The reproductive success of female dasyurids is constrained by the number of teats, which may vary within species in different populations (Cockburn et al. 1983; Rhind 2002; Shimmin et al. 2000) . Female dasyurids often produce more ova and embryos than available teats, increasing the likelihood that females will start lactation with a full complement of young (Foster and Taggart 2008; Selwood and McCallum 1987; Watt 1997; Woolley 1966) . Maximizing the number of young on teats optimizes their reproductive fitness during what may be their only breeding attempt (Shimmin et al. 2000) .
In 2001, a captive breeding colony of red-tailed phascogales (Phascogale calura) was established at Alice Springs Desert Park (ASDP) with an aim to learn more about the biology and husbandry of the species. Our study investigated the timing of reproduction and breeding success in female red-tailed phascogales. Estrous markers that have been used in other species were assessed for their usefulness in red-tailed phascogales, and information was collected on the duration of receptivity, sperm storage, and gestation. Variation in the timing of births across colonies and years also was assessed. This information is being used to optimize husbandry and breeding rotations in the captive colony. (Dickman 1985; Scott 1986) . The large group enclosures used at Adelaide in 2005 and 2006 were 2 Â 2.5 Â 4.7 m, with multiple nest boxes, with branches for climbing and a soil substrate. Animals at ASDP were maintained in 2 Â 2 Â 2-m outside enclosures with concrete floors, sheet metal and mesh walls, with climbing branches and a nest box. Ethics approval was obtained from the University of Adelaide (S-09-2004(A) and S-038-2005 ) and the Department for Environment and Heritage (4/2004 and 23/2005) . Research met guidelines for animal care and use approved by the American Society of Mammalogists (Gannon et al. 2007) .
MATERIALS AND METHODS

Animals
Body mass and pouch changes.-In 2006, females at Adelaide were caught twice weekly from May until they gave birth or were euthanized as part of a separate study (Foster and Taggart 2008) . Upon capture, animals were weighed and pouch condition was noted (Woolley 1966) and this was used to develop a time line of pouch changes in relation to the estrous cycle. The appearance of the following pouch characteristics was recorded: short dense fur, sparse fur, pink skin, appearance of visible teats (1st-year females only), yellowing of the fur, anterolateral skin folds around the pouch, as well as skin folds within the pouch and the degree of pouch expansion. To assess patterns of body mass changes, body masses were standardized so that the maximum body mass obtained at mating was designated as 0 g. Because of variation in the timing of estrus, cycles were standardized so the last day of maximum body mass at mating was designated day 0. Body mass changes were then plotted as a 5-day moving average and assessed in relation to mating. The average adult body mass of females was determined and used as a base body mass, with a return to base body mass used as an indicator of ovulation (Woolley 1984 (Woolley , 1990 .
Fecal hormones.-When monitoring body mass and pouch condition, fecal samples were collected from females that defecated upon capture and frozen at À208C. Nine or 10 fecal samples were collected from 4 females held at Adelaide in 2006 and samples were extracted and assayed for progesterone and estradiol-17b levels as per Woodd et al. (2006) with the following modifications to the extraction. Lyophilized fecal samples were crushed and 0.05 g was mixed with 500 ll of distilled water and 2 ml of 80% methanol (Merck, Victoria, Australia). Samples were mixed thoroughly by vortex and centrifuged at 1,800 Â g at 48C for 15 min. The supernatant was vortexed with 250 ll of NaHCO 3 and 2 ml of diethyl ether and frozen on dry ice. The supernatant was decanted and dried at 378C. The previous step was repeated twice and then the dried supernatant was resuspended in 900 ll of 0.1 M phosphate buffer. Extracts were incubated at 48C overnight, sonicated for 30 min, then stored at À208C until assayed. Sperm storage.-Reproductive tracts were removed from a nonbreeding adult female that died and a breeding female 2 days after being given mating access to 2 males, and while sperm were still being shed in the female's urine. The breeding female was euthanized with 0.2 ml of sodium pentabarbitone (300 mg/ml) administered intracardiac. Reproductive tracts were fixed in 10% formalin before wax embedding, sectioning, and staining with hematoxylin and eosin. The distribution of sperm within the reproductive tract of the mated female was determined and storage sites compared to the nonmated adult female.
Estimate of sperm storage duration.-Animals of known parentage from ASDP were used to generate estimates of the minimum length of sperm storage. In 2004, groups of females had 2 or 3 males rotated through them from early March until females gave birth. Each male was placed with the females for 3-4 days and then housed individually while the next male was given access to the females. Because multiple paternity occurs within litters (W. K. Foster, pers. obs.), viable sperm from multiple males needs to be available at ovulation. Minimum sperm storage durations were calculated based on paternity of offspring, a 30-day gestation period (Bradley 1997) , and the dates females had mating access with sires. In 2007, males were removed several weeks before females gave birth, and the date of removal of males also allowed for calculation of sperm storage duration. Mating pairs at Adelaide were identified during daily checks of animals and the time between 1st observed mating and birth was calculated.
Timing of births and breeding success.-Records from ASDP were collated to determine the number of females breeding, litter sizes at birth, numbers weaned, sex ratio at weaning, and the dates at which females gave birth. Birth dates also were recorded for animals born at Adelaide Zoo. Pregnant females that were euthanized for another study (Foster and Taggart 2008) had the date of expected birth estimated by 2 means. The stage of embryonic development was compared to published records for A. agilis (referred to as A. stuartii Selwood 1980) to generate an estimated birth date. A 2nd estimate was generated by adding the gestation period of 30 days (Bradley 1997) to the ovulation date predicted from the postmating decline in body mass.
RESULTS
Body mass of females.-Females (n ¼ 22) had base body mass between 39 6 4 g SD, and gained 4-15 g (6-36% of body mass) within the 12 6 5 days SD before mating (Fig. 1) . Mating occurred around the time of peak body mass, with females returning to base body mass in 14 6 6 days, before showing a pregnancy-related increase in body mass.
Pouch development of the female.-First-year females (n ¼ 22) had a ,5-mm-diameter pouch, which was covered by fur that was shorter than the surrounding abdominal fur. No teats were evident to the naked eye. The pouches of 2nd-(n ¼ 9) and 3rd-year (n ¼ 9) females were distinct, being larger than those of 1st-year females, with a less-dense covering of fur and having obvious teats. In the week before mating, the pouch area expanded to .10 mm in diameter, with new, short, dense, white fur emerging. During pregnancy the pouch expanded up to ;20 mm in diameter. Just before birth, anterolateral skin folds developed around the pouch, the skin took on a granular appearance, and teats became evident for all animals. The fur within the pouch also thinned and guard hairs on the upper edge of the pouch became longer. On the day of birth, the pouch was a flushed red color and up to 8 young could be seen attached to teats. The same series of changes in pouch condition also were observed in females that did not give birth to any young (pseudopregnant). Yellow staining of abdominal fur was seen in several nonbreeding females throughout the year, but new fur emerging during estrus did not show yellow staining.
Fecal hormones.-Estradiol levels in 3 of 4 females ranged from 0.3 to 3.9 ng/g dry feces (Fig. 2) . The 4th female had levels that ranged between 3.5 and 41.2 ng/g dry feces and this was the only animal that demonstrated a distinct rise in estradiol levels. Progesterone levels ranged from 56 to 2,412 ng/g dry feces (Fig. 2) . All animals showed a rise in progesterone levels after the predicted ovulation date, with levels in 3 of 4 females showing a decline during the 2nd half of pregnancy. Young were produced by 1 female, whereas embryos aged approximately 21-23 days were collected from the remaining 3 females.
Sperm storage.-The uteri of red-tailed phascogales have a central slit-shaped lumen that terminates in 2 branches at either end (Fig. 3A) . Several invaginations also were present along the margins of the central slit at mating. Within the oviduct there is a central lumen, with a series of crypts emerging from the lumen along the duct's length. A day after mating no sperm were observed in the uteri, but sperm were observed in both the lumen and crypts of the isthmus (Fig. 3B) . No regular organization of sperm within the isthmus was observed and sperm showed an association with the oviduct epithelial tissue.
Estimate of sperm storage duration.-At ASDP in 2004, matings occurred at least 3-5 days before ovulation and females could maintain viable sperm for a minimum of 5 days, with matings and sperm storage potentially extending for the several weeks before ovulation (n ¼ 7; Fig. 4.) . In 2007, males were removed on 15 June with births occurring from 27 June to 19 July, giving an interval of at least 34 days between mating and birth for some individuals. For females at Adelaide that were observed mating and subsequently gave birth, the time between 1st mating and birth ranged from 31 to 38 days, giving an estimated 1-8 days between mating and ovulation.
Timing of births.-At ASDP, 11 females gave birth between mid-July and early August 2002, with 1 female giving birth in late August (Fig. 5) . (Fig. 5) .
At Adelaide, females in 2004 became receptive between 17 and 26 July after being directly exposed to males on 30 June, as part of assessment of behavioral receptivity. One female entered estrus earlier, and she had been in contact with males several weeks earlier when she had escaped from her cage (Fig. 5) . In 2005, three 2nd-year females arrived at Adelaide from ASDP in mid-April and became pregnant within weeks of arrival, resulting in births in early June, 3 weeks earlier than the 1st births at ASDP. The remaining 2nd-year females were not placed with males until 3 weeks later.
Animals at Adelaide housed in 12L:12D lighting from November 2004 until late April 2005 entered estrus at different times. Females that were housed with males were receptive more than 6 weeks earlier than those females housed in femaleonly groups. The former females also bred at least 1 month Selwood (1980) , at the conclusion of sampling.
earlier than animals at ASDP, despite being more than 1 month younger than ASDP animals.
In 2006, females at Adelaide were euthanized while pregnant and the timing of births was predicted based on the developmental stage of embryos. Embryos were collected as expanded blastocysts or at later stages of development. Age estimates based on the decline in maternal body mass postmating and Selwood's (1980) timetable of embryonic development were within 2 days of each other on average. Ages based on changes in body mass ranged from þ5 days to À2 days, compared to estimates based on developmental stages of Antechinus. There was no difference in the timing of reproduction in relation to age of females or the group they were housed in, with expected births spread over a 1-month period.
Breeding success.-Between 2001 and 2007, 846 phascogales were born with 127 of the 146 breeding females giving birth. Seventy-six percent of the females that gave birth had litters containing 6-8 young (Table 2) . Of the 846 young born, 576 were weaned, with a female bias in sex ratio observed at weaning (B( 576, 0.5 ), P ¼ 0.012). Because females were housed in groups, only 38 females and litters were followed from birth to weaning; 83% of these young survived to weaning. Twelve females raised full litters of 8 to weaning, whereas 36 young were lost from 9 litters (Table 3) . No females returned to estrus if they did not become pregnant or lost young during lactation.
DISCUSSION
Variation in the timing of births in captive red-tailed phascogales was observed across years, locations, and husbandry methods. Animals at ASDP showed less variability than animals at Adelaide, but because births were spread over .3 months, this suggests that red-tailed phascogales have a degree of plasticity in the timing of breeding. Limited records are available on births of wild red-tailed phascogales in Western Australia, but it appears that births can occur over a range similar to that observed in captivity. Four females were observed carrying small, unfurred young at Dryandra (318549S, 1168039E) in late June 1971 (Kitchener 1981) , whereas births occurred during mid-to late August at Little Yornaning (328449S, 1178109E) in 1982 (Bradley 1997) . Studies conducted in 1991 and 1992 in Tutanning Nature Reserve (328329S, 1178199E) did not specifically record the timing of births but found that male die-off had occurred by mid-July (Friend and Friend 1992) . Because male die-off generally occurs before females give birth (Bradley 1997) , births would be expected in late July or early August in these populations.
Breeding synchrony is important to Phascogale and Antechinus because of the occurrence of spermatogenic failure and the postmating mortality of males (Bradley et al. 1980; Kerr and Hedger 1983; Woolley 1991) . Females that breed later than the majority are likely to encounter fewer males, with subdominant males tending to die earlier in the rut (Fisher and Cockburn 2006) . Males encountered late in the season would have reduced sperm stores due to losses associated with mating and spermatorrhoea, increasing the risk of infertility (Taggart et al. 1999; Taggart and Temple-Smith 1990) . Captive red-tailed phascogales produce sperm for longer than Antechinus, with late spermatids still present in the testis by the time females have given birth (W. K. Foster, pers. obs.) . This suggests that there is potential for greater flexibility in breeding in this species compared to Antechinus. FIG. 4.-Estimates of sperm storage duration in female red-tailed phascogales (Phascogale calura) based on the timing of mating access of known sires. Estimates of ovulation were generated by taking a gestation period of 30 days (Bradley 1997 ) from the known dates of birth. Male (A, B, C) access to females is indicated under each date. Solid lines show mating access closest to ovulation for males that sired young, whereas their previous available mating opportunity is shown by dotted lines. Where multiple lines are present for a single female, multiple males sired young within the litter and hence mating with each of those males must have occurred.
Most research into the proximate factors controlling the timing of reproduction in dasyurids has focused on environmental cues, especially photoperiod. Various studies have manipulated the light cycles for captive Antechinus, because photoperiod is thought to be a major trigger for reproduction in Antechinus (McAllan et al. 2006) . A. stuartii subjected to a 2-month delay in photoperiod in February produced a synchronized delay of 2 months in their reproductive cycle, whereas a 2-month delay commencing in April produced a lesssynchronized delay (McAllan et al. 1991) . When the photoperiod was altered to 14L:10D 3 months before ovulation normally occurred, reproduction was suppressed, whereas several animals placed in 10L:14D at this time cycled earlier than animals in natural lighting (Scott 1986 ). These results suggest that an extended light period can suppress reproduction and that the age at which photoperiod changes occur is important, with earlier alterations to light cycles potentially resetting reproductive changes initiated months before maturity.
Several studies have maintained Antechinus on 12L:12D lighting with varying results. A. stuartii held individually in 12L:12D lighting from February until mid-May when they were paired and either held in 12L:12D lighting or placed in natural lighting, entered estrus at the same time as wild populations, or within the following month, regardless of lighting regime (Dickman et al. 1987) . When A. flavipes was held individually in 12L:12D lighting after weaning (February), only 1 of 4 females entered estrus when mating normally occurs (McAllan and Geiser 2006) . The remaining females did not enter estrus until several months later, after the photoperiod was increased daily to approximate the rate of change of photoperiod experienced at the time of mating in the wild (McAllan and Geiser 2006). We found that red-tailed phascogales held in 12L:12D tended to enter estrus earlier or at a similar time to other captive animals, with variation observed with group composition.
The role of laboratory versus wild rearing has not been well explored, but the conditions experienced during development also play a role, as has been observed in Siberian hamsters (Goldman et al. 2000) . Laboratory-bred A. stuartii, A. swainsonii, and A. flavipes achieved estrus up to 6 weeks earlier than animals in natural populations regardless of the lighting regime (ambient or 12L:12D-Dickman 1985) . Food availability, assessed as the time needed to obtain adult body mass, during development also may affect the timing of breeding. In captivity, red-tailed phascogales achieved adult mass by February rather than April as seen in wild populations (Bradley 1997; Friend and Friend 1992) . Rhind (2002) found that wild female P. tapoatafa in better condition gave birth earlier in the year. In A. agilis, females in the middle of a drought period showed a reduction in body mass and young were 1st left in the nest at a later date (Parrott et al. 2007) .
In the various studies of effects of photoperiod on Antechinus, animals experienced different levels of exposure to other males and females and this also may play a role in the timing of sexual maturity. Studies of captive Antechinus have found that breeding is affected by the rate of change of photoperiod, with synchrony enhanced through housing animals in mixed-sex groups or by exposing females to pheromonal cues from other females (Dickman 1985; McAllan 2003; Scott 1986) . In individually housed red-tailed phascogales at Adelaide in 2004, exposure to males may have played a role in triggering their receptivity. The interaction between the environmental and social factors on the onset of estrus in the red-tailed phascogale is unclear and further investigation is needed to gain an understanding of the triggers for estrus. Once entry into estrus occurred, female red-tailed phascogales showed characteristic changes in body mass and pouch condition that could be used as indicators of receptivity. The onset of estrus in red-tailed phascogales was indicated by changes in pouch condition and a prereceptive increase in body mass, with matings occurring around the time of maximum body mass, similar to that described for A. stuartii (Woolley 1966) . In Antechinus, changes in cornified epithelial cells in the urine have been used to indicate estrous duration and ovulation (McAllan et al. 1991; Selwood 1982) but difficulty collecting regular urine samples meant they were not useful in our study. Individually housed females often became accustomed to sampling and would regularly urinate before capture, and grouphoused females would often urinate when the nest was 1st disturbed. Collection of saline washes of the urogenital sinus obtained from females did not show high numbers of cornified cells, even during the mating period.
Estradiol and progesterone levels obtained from feces were not useful indicators of estrus on their own, with results suffering from large gaps in the sampling, due to only handling animals every 2-3 days and the difficulty of collecting samples from group-housed animals. Because the estradiol surge may only be observed in a single fecal sample, more regular sampling is required for this to be properly assessed. Changes in estradiol were minimal in 3 of 4 females, and did not allow for determination of ovulation, with levels remaining below those observed in the chuditch (Dasyurus geoffroii-Stead- Richardson et al. 2001) . The remaining female red-tailed phascogale had levels up to 10-fold higher than the other animals, with the peak occurring around the time of predicted ovulation. In 3 of 4 red-tailed phascogales, the decline in progesterone levels during pregnancy occurred earlier than was been observed in the kowari (Dasyuroides byrnei-Fletcher 1989) .
Variability in the timing of births can result from variation in the timing of estrus and mating, and also can arise from sperm storage and embryonic diapauses. We found that female redtailed phascogales are capable of storing sperm within their oviduct similar to that observed in Antechinus (Selwood and McCallum 1987) . All Antechinus and Phascogale have gestation periods of 25-35 days, but detailed studies of ovulation and embryonic development have only been undertaken in A. agilis (Selwood 1980) . Using a return to base body mass as an indicator of estrus, the proposed gestation period of 28-30 days for the red-tailed phascogale (Bradley 1997 ) is supported. Because our study collected incidental information on embryonic development, the age of embryos was not accurately determined, but it appears that the stages observed and approximate timing of development is similar to that of A. agilis (Selwood 1980) . The captive breeding program at ASDP has successfully produced many young with the majority of females having .6 pouch young and successfully raising a large proportion of young to weaning. Females are known to produce more ova and embryos than they can raise (Foster and Taggart 2008) , which enables them to provide young for most teats, thereby maximizing their reproductive fitness during what may be their only breeding attempt (Shimmin et al. 2000) . If conditions become adverse and they are unable to raise all young, females can then reduce litter size during lactation (Cockburn 1994) . Cannibalism of young during free lactation was observed in groups of red-tailed phascogales containing 4 or more females (W. Caton, pers. obs.) and has also been observed in other dasyurids, monodelphids, macropods, and bandicoots (D. A. Taggart, pers. obs.) .
Information gained from our study has been incorporated into the breeding program for this species, allowing husbandry protocols to be developed that best use the characteristics of the species' unusual reproductive strategy. Further investigation into the effects of altering lighting regimes and social conditions is needed to determine the influence of different factors on triggering reproduction, and influencing the timing of reproduction.
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